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Abstract. Barley (Hordeum vulgare L.) plants were grown 
hydroponically with or without inorganic phosphate (P0 
in the medium. Leaves were analyzed for the intercellular 
and the intracellular distribution of  P~. Most of  the leaf 
P~ was contained in mesophyll cells; Pi concentrations 
were low in the xylem sap, the apoplast and in the cells 
of  the epidermis. The vacuolar concentration of  P~ in 
mesophyll cells depended on P~ availability in the nu- 
trient medium. After infiltrating the intercellular space 
of  leaves with solutions containing Pi, Pi was taken up 
by the mesophyll at rates higher than 2.5 I~mol-(g fresh 
weight)- ~ .h-  ~. Isolated mesophyll protoplasts did not 
possess a comparable capacity to take up Pi from the 
medium. Phosphate uptake by mesophyll protoplasts 
showed a biphasic dependence on Pi concentration. Up- 
take of  P~ by Pi-deficient cells was faster than uptake 
by cells which had P~ stored in their vacuoles, although 
cytoplasmic Pi concentrations were comparable. Phos- 
phate transport  into isolated mesophyll vacuoles was 
dependent on their Pi content;  it was stimulated by ATP. 
In contrast to the vacuolar Pi concentration, and despite 
different kinetic characteristics of  the uptake systems for 
P~ of  the plasmalemma and the tonoplast, the cytoplas- 
mic Pi concentration was regulated in mesophyll cells 
within narrow limits under very different conditions of  
Pi availability in the nutrient medium, whereas vacuolar 
Pi concentrations varied within wide limits. 

Key words: A p o p l a s t -  Cytosol - Hordeum (phosphate 
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Introduction 

For adequate growth, plants require approximately one 
molecule of  inorganic phosphate (P0 for every 500 mole- 
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cules of  carbon fixed in photosynthesis (Marschner 
1986). Phosphate is a constituent of  nucleic acids and 
phospholipids, and is also of  prime importance in energy 
metabolism. Phosphate deficiency rapidly reduces plant 
growth; it decreases photosynthesis and changes assimi- 
late partitioning (Dietz 1989; Sicher and Kremer 1988). 
Within the cells, a metabolically active Pi pool can be 
distinguished from an inactive Pi pool (Ullrich et al. 
1965; see Bieleski 1973 for a review; Rebeille et al. 1983). 
Phosphate is exchanged between both pools only slowly, 
depending on metabolic demands (Ullrich et al. 1965; 
Foyer and Spencer 1986). Whereas the 31p_nuclea r mag- 
netic resonance (NMR) technique is capable of  distingu- 
ishing two Pi pools in leaves, it does not differentiate 
between Pi contained in the cytoplasmic organelles and 
in the cytosol. Also, the kinetics of  Pi transport  cannot  
be determined with this technique (see Roberts 1984 for 
a review). Studies with isolated organelles allow the in- 
vestigation of  the intracellular compartmentat ion and 
transport of  Pi. However, Pi may leak from organelles. 
Cross contamination of  organelles, particularly by va- 
cuolar material, results in an overestimation of  Pi when 
non-aqueous techniques are employed (Dietz and Heber 
1984). 

This communication describes effects of  P~ nutrition 
on the Pi status of  barley leaves. Vacuoles can rapidly 
be isolated from protoplasts. Therefore, isolated va- 
cuoles are used in this communication to distinguish be- 
tween cytoplasmic and vacuolar Pi levels. This is possible 
as the tonoplast of  isolated vacuoles has a low perme- 
ability to Pi (Martinoia et al. 1986). We also investigate 
the role of  the apoplast and of  the vacuole in maintain- 
ing the Pi homeostasis of  the cytoplasm of  leaf cells. 

Material and methods 

Plant growth. Barley (Hordeum vulgare L., cv. Gerbel) was grown 
in hydroponic culture. The standard medium contained 9 mmol. 
1-1 KNO3, 6 mmol.1-1 Ca(NO3)2, 3 retool-1-1 MgSO4, 
1.5 mmol.1 -x KH2PO4, 0.13 mmol-1 1 Fe-ethylenediaminetetraa- 
cetate (EDTA) and micro nutrients. Plants used for the preparation 
of xylem sap grew in a medium which contained 5 mmol-1-i 
KNO3 and 4 mmol. 1-1 KC1 instead of 9 mmol-1-1 KNO3. Levels 
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of  Pi were increased as indicated below to obtain plants with ele- 
vated P~ levels. Phosphate-deficient plants were grown in the ab- 
sence of P~. Ten days after sowing, the primary leaves and the 
seeds were removed from the plants to minimize transfer of endoge- 
nous P~ to young tissue. 

Isolation of protoplasts and vacuoles. Mesophyll protoplasts were 
prepared from primary or secondary leaves 10 or 21 23 d, respec- 
tively, after sowing. The procedure was essentially as described 
by Kaiser et al. (1982), but sucrose and glycine betaine substituted 
for sorbitol and Percoll in the isolation media. The enzymes for 
protoplast isolation were freed from P~ by gel filtration. 

Protoplasts from the cells of the epidermis had a low density 
and were separated from heavier mesophyll protoplasts by flota- 
tion. After complete digestion of the leaves, protoplasts from pri- 
mary leaves of t0-d-old plants were resuspended in sorbitol medi- 
um (450 mmol. 1-1 sorbitol; 20 mmol. 1-1 2-(N-morpholino)ethane- 
sulfonic acid/KOH, pH 6.5 ; 20 mmol.l- ~ potassium gluconate; 
3 mmol.1 ~ CaC12 ; 0.1% polyvinylpyrrolidone) and overlayered 
with glycine betaine medium (450 mmol. 1 - 1 glycine betaine instead 
of sorbitol). A fraction consisting of the large protoplasts from 
the upper epidermis and of light mesophyll protoplasts was recov- 
ered from the interphase. The epidermal protoplasts were further 
purified by gradient centrifugation: sorbitol medium was added 
to the protoplast suspension (equal volumes) and overlayered with 
a mixture of glycine betaine medium and sorbitol medium (3:2, 
v/v) and then with glycine betaine medium. The gradient was spun 
at 600-g for 10 min. The pale, chlorophyll-less protoplast fraction 
was removed and Percoll was added to a final concentration of 
10% (v/v). A mixture of sorbitol and glycine betaine medium (7:3, 
v/v) was layered on the suspension and glycine betaine medium 
added on top. The gradient was spun as above and the chlorophyll- 
free band of intact epidermal protoplasts was recovered. Protoplast 
numbers and volumes were determined by microscopic analysis. 
Intactness was demonstrated by accumulation of neutral red in 
the large central vacuole and by the ability of the protoplasts to 
incorporate [35S]methionine into material which could be precipi- 
tated by trichloroacetic acid. 

Vacuoles were isolated by the method of Martinoia et al. 
(1982). For measuring Pi uptake into vacuoles in vivo, isolated 
protoplasts were labelled with 32p i (S.A.=15MBq.lamol-1; 
Amersham) and vacuoles were prepared by the fast method of 
Kaiser et al. (1982). This method yields intact vacuoles within less 
than 1 min. 

were illuminated for 4 h. The amount of Pi taken up by the leaves 
was determined. After feeding Pi, infiltrate was prepared as de- 
scribed above. 

Transport of Pi into protoplasts and vacuoles. Uptake of P~ by proto- 
plasts and vacuoles was measured by the method of Martinoia 
et al. (1987). The incubation medium used for measuring Pi uptake 
by protoplasts contained 0.6 mol.1-1 glycine betaine, 1 mmol.l-1 
CaClz and 10 mmol. 1-1 2-(N(morpholino)ethanesulfonic acid (ad- 
justed to pH 6.0 with 2-amino-2-(hydroxymethyl)-l,3-propanediol 
(Tris)). The incubation medium used for measuring Pi uptake by 
vacuoles consisted of 0.3 mol-l- ~ sucrose, 0.2 mol.l ~ glycine be- 
taine, 2mmol.l-~ EDTA, 6mmol ' l -1 MgC12, lmmol-1- 
MnC12, 30 mmol. 1- ~ K-gluconate, 30 mmol. 1- ~ 4-(2-hydroxyeth- 
yl)-piperazineethanesulfonic acid, 0.2% (w/v) bovine serum albu- 
min, 1 mmol. 1-1 dithiothreitol and 10 mmol.l- 1 ATP (when indi- 
cated). The pH of the medium was adjusted to 7.8 with Tris. 

Phosphate uptake by protoplasts was initiated by the addition 
of protoplasts to the 32pi-containing incubation medium and ter- 
minated by centrifugation of the protoplasts through a layer of 
silicone oil AR 200 (Wacker Chemic, Miinchen, FRG). Uptake 
by isolated vacuoles was started by addition of the suspension 
of vacuoles to a medium containing labelled P~. Silicone oil and 
water (40 I11) were layered on top of the solution. Uptake was 
stopped by flotation of the vacuoles through the layer of silicone 
oil. 

Measurement of oxygen evolution. Photosynthetic oxygen evolution 
by the leaves was measured with an air-phase oxygen electrode 
at saturating CO2 (Delieu and Walker 1981). The irradiance was 
300 W.m -2. 

Determination of Pi and of anions. Inorganic phosphate in leaves 
was extracted in 5-7% (v/v) perchloric acid. After neutralization 
of the solution with 3 mol.1-1 K2COa, Pi was measured by the 
method of Fiske-Subbarow (1925). Phosphate in protoplasts and 
vacuoles was determined by a one-step spectrophotometric assay 
(Bencini et al. 1983). In the latter case, bovine serum albumin was 
omitted from isolation media. Alternatively, anion contents were 
determined by anion-exchange chromatography as described by 
Schr6ppel-Meier and Kaiser (1988 a). 

Xylem sap collection. Xylem sap was isolated from 21-d-old barley 
plants grown in the presence of varying Pi concentrations. The 
plants were prepared and xylem sap isolated with a Scholander 
pressure chamber as described by Wolf and Jeschke (1987). 

Infiltration of leaves and preparation of infiltrate. Ten-day-old pri- 
mary leaves were detached and infiltrated in vacuo by immersion 
in a solution containing 100 mmol.1-1 sorbitol and 1 mmol.l-  
CaCI2 (or Ca-lactate when chloride was to be determined). After 
the surface of the leaves had been carefully dried, infiltrate was 
extracted by centrifugation (1000.g for 2 min). To measure Pi up- 
take, 12mmol-1 1 KH2PO4, pH6.5 and 2mmol-1-1 KHCO3 
were included in the solution used for infiltration. (In the colorimet- 
ric determination, the solution gave a reading corresponding to 
11.3 mmol. 1-x Pi.) In these experiments, the infiltrated leaves were 
illuminated at a fluence rate of 8 W.m-2. After specified times, 
infiltrate was prepared as described above. The calculation of apo- 
plastic solute concentrations was based on the following relation- 
ships: 1 g of primary leaf tissue contains 80 p.1 of apoplast and 
may be infiltrated with 300 p.1 of solution (Pfanz 1987). 

Uptake of Pi from the transpiration stream. Primary leaves were 
cut and immersed in solutions containing 1 mmol-1-~ CaCIz and 
various concentrations of KH2PO4 (KOH, pH 6.0). The leaves 

Results 

Phosphate uptake into leaf cells. To est imate the Pi con- 
cen t ra t ion  in the apoplast ,  p r imary  barley leaves were 
infi l t rated with a Pi-free so lu t ion  and  infiltrate,  termed 
intercel lular  washing fluid ( IWF) ,  was ob ta ined  from 
the leaves by mild centr i fugat ion.  Apoplas t ic  P~ concen-  
t ra t ions  were between 0.5 and  2 m m o l .  1-~. Calcula t ions  
were based on  an  est imated apoplas t  vo lume of  80 tll 
per g leaf flesh weight (Pfanz 1987). There was the possi- 
bility that  par t  o f  the Pi detected in the I W F  may  have 
been due to c o n t a m i n a t i o n  by cytosolic and  vacuolar  
mater ia l  released f rom b roken  cells. However,  measure-  
ments  of  the activity of  cytosolic, chloroplast ic  and  va- 
cuolar  enzymes in the I W F  showed that  c o n t a m i n a t i o n  
with intracel lular  mater ia l  was well below 0.5% (data 
no t  shown). 

Depend ing  on  growth condi t ions ,  the p r e d o m i n a n t  
apoplast ic  a n i on  was either ni t ra te  or chloride;  their con- 
cent ra t ions  ranged f rom 3 to 25 m m o l .  1- a. Even in the 
presence of  excess Pi in the nu t r i en t  solut ion,  for example 
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Table 1. Anionic composition of xylem sap isolated from barley 
plants which were grown in nutrient solutions with varying Pi con- 
centrations. Barley plants (21 d old) were cut 1.5-2 cm above the 
root/shoot junction. The lower part of each plant was placed in 
a pressure chamber so that the shoot was sealed about 0.5-1 cm 
above the root/shoot junction. The roots were still immersed in 
the growing medium. Pressure was applied, xylem sap collected 
and analyzed. The data are means+ SD from n = 7 (Pi-deficient 
plants), n=8  (plants in 40 mmol'1-1) and n=12 measurements 
(control plants) 

Anion Pi concentration in the medium 
(mmol. 1-1) 

0 1.5 40 

C1- 2.21 ___0.87 1.50___0.66 1.10___0.47 mmol.1-1 
NO 3 5.51+1.71 5.15+1.96 4.88_ 1.29 mmol' l  -a 
PO]-  0.04___0.06 0.30___0.09 1.12___0.33 mmol.1 1 
SO ] 0.35+__0.32 0.24+__0.11 0.18 +0.05 mmol-1 1 

100 m m o l .  1-1 KH2PO4 ' the Pi c o n c e n t r a t i o n  in the  apo-  
p las t  d id  no t  exceed 3 m m o l . l - 1 .  This  indica tes  e i ther  
efficient  r e t en t ion  o f  Pi by  the r o o t  sys tem or  efficient  
Pi u p t a k e  by  the leaf  t issue f rom the xylem, o r  bo th .  
Table  1 shows tha t  the  P~ c o n c e n t r a t i o n  in the  xy lem 
sap was very low in p l an t s  g rown  in Pi-def ic ient  med ium.  
The  concen t r a t i on  o f  P~ was h igher  in p lan t s  g rown  in 
1.5 mmol .1  -x  Pi, a n d  was fur ther  increased  in p lan t s  
which  were g r o w n  at  e levated  Pi levels (40 m m o l . l - 1 )  
in the nu t r i en t  so lu t ion ;  however  the  increase  in the xy- 
lem sap  ( fac tor  o f  4) was m u c h  lower  t han  the increase  
in the  nu t r i en t  so lu t ion  ( fac tor  o f  27). C o n c e n t r a t i o n s  
o f  o the r  an ions  were much  less affected.  This  shows tha t  
ba r l ey  roo t s  func t ion  as the m a i n  ba r r i e r  to u p t a k e  when 
ba r l ey  p l an t s  are  exposed  to increased  Pi levels in the 
r oo t i ng  med ium.  

To de t e rmine  the capac i ty  o f  the  leaf  cells to  i m p o r t  
Pi f rom the apop la s t ,  two m e t h o d s  were e m p l o y e d :  (i) 
Leaves  were in f i l t ra ted  wi th  P i -con ta in ing  so lu t ions  a n d  
i l lumina ted  to avo id  anae rob ios i s  o f  the inf i l t ra ted  tis- 
sue. To l imi t  the ra te  o f  pho tosyn thes i s ,  a low p h o t o n  
f luence ra te  was chosen.  Af te r  an  i n c u b a t i o n  o f  2 -  
30 min ,  I W F  was o b t a i n e d  by  cen t r i fug ing  the leaves. 
The  p h o s p h a t e  c o n c e n t r a t i o n  in the  I W F  decreased  lin- 
ear ly  wi th  t ime (Fig.  1). The  ra te  o f  Pi u p t a k e  was 
2.5 ~tmol. (g fresh w e i g h t ) -  ~. h -  1 as ca lcu la t ed  f rom the 
decrease  in the Pi concen t r a t i on  in the I W F .  (i 0 De-  
tached  leaves were p l aced  u p r i g h t  in so lu t ions  o f  increas-  
ing P~ concen t r a t i ons  in the l ight  so tha t  the  cut  ends  
were covered  by  solut ion .  Af te r  4 h, I W F  was  p r e p a r e d  
f rom the leaves to de te rmine  the Pi concen t r a t i on  in 
the apop las t .  The  to ta l  a m o u n t  o f  Pi t aken  up  by  the 
leaves was also d e t e r m i n e d  and  c o m p a r e d  wi th  the  P~ 
c o n c e n t r a t i o n  in the apop las t .  F igu re  2 shows tha t  a t  
low Pi concen t r a t i ons  in the feeding so lu t ion  essent ia l ly  
all  Pi which  was t aken  up  by  the leaves a n d  a p p e a r e d  
in the  a p o p l a s t  was t aken  up  by  the cells. A p o p l a s t i c  
P~ levels r e m a i n e d  la rge ly  c o n s t a n t  a l t h o u g h  Pi in the 
feeding so lu t ion  increased.  Inc reas ing  Pi levels were re- 
covered  in the  I W F  only  when  the feeding so lu t ion  con-  
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Fig. 1. Uptake of infiltrated Pi by barley leaves. Detached primary 
leaves were rapidly vacuum-infiltrated by immersion in a solution 
containing 12 mmol-1-x Pi and illuminated at a low photon fluence 
rate. Infiltrate, termed intercellular washing fluid (IWF), was iso- 
lated at the times indicated and Pi was measured. The initial value 
gives the amount of P~ infiltrated into 1 g of leaf tissue as deter- 
mined with 300 ~1 infiltration solution in the colorimetric assay 
(see Material and methods). The difference between the intersection 
of the line with the ordinate (time = 0 min) and the orignal concen- 
tration represents the dilution of the infiltrated Pi with apoplastic 
solution from the leaves. From the difference, a 1.25-fold dilution 
may be derived. Data are means _+ SD (n = 4) 
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Fig. 2. Uptake of Pi into leaves and leaf cells of barley after feeding 
a solution containing Pi to the transpiration stream�9 For 4 h, de- 
tached leaves were placed in solutions of various Pi concentrations 
(abscissa) so that the cut ends were immersed in solution�9 The 
total amount of Pi taken up by the leaves ( e -e )  was determined 
by measuring the volume of the Pi solutions before and after incu- 
bation. The Pi in the IWF (m-m) was determined after rapid vacu- 
um-infiltration with Prfree solution and centrifugation of the 
leaves. 300 ~tl infiltrate were obtained per 1 g leaf fresh weight. 
The calculation of apoplastic Pi concentrations (z~-zx) was based 
on a ratio of 300 ~l infiltrate per 80 ~tl apoplast 

t a ined  m o r e  than  10 mmol -1  -~ Pi- A t  a c oncen t r a t i on  
o f  20 m m o l . l - 1  Pi in the feeding so lu t ion ,  the ra te  o f  
u p t a k e  was 4 g m o l .  g fresh w e i g h t -  1. h -  x. 

Bo th  exper imen ta l  a p p r o a c h e s  reveal  tha t  the  l ea f  
cells have  a large  capac i ty  for  Pi i m p o r t  f rom the apo -  
plast .  M o s t  o f  the  l ea f  Pi is c o m p a r t m e n t a l i z e d  in the 
mesophy l l  cells. W h e n  ba r l ey  was g rown  in h y d r o p o n i c  
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Fig. 3a, b. Dependence of Pi 
concentrations (a) and rates of light- 
and CO2-saturated oxygen evolution 
(b) of leaves of barley plants on the 
Pi nutrition of the plants. Plants 
were grown on Pi-free nutrient 
solution (A-A) or in nutrient 
solutions containing 1.5 mmol. 1- ~ Pi 
(e-e)  or 40 mmol.1- t Pi ( i - i ) .  The 
data are means + SE of 4-11 
experiments. Photosynthesis was 
measured under light and CO2 
saturation at 20 ~ C 

culture under  s tandard  condi t ions  (1.5 m m o l . l - '  Pi in 
the nutr ient  medium),  the concent ra t ion  o f  P~ in epider- 
mal protoplas ts  was only 2 m m o l - l - 1 ,  whereas 
67 mmol .  l -  1 Pi was measured  in mesophyll  protoplas ts  
(data no t  shown). Thus,  mesophyl l  cells are sinks for  
external P~. 

Phosphate compartmentation in barley leaves. For  the fol- 
lowing experiments,  barley was g rown in the presence 
o f  high (40 mmol .  1-1) and normal  (1.5 mmol .  1-1) con-  
centrat ions o f  Pi or  in the absence o f  Pi. In order  to 
accelerate P• depletion o f  the plants g rown in the absence 
o f  Pi, seeds and p r imary  leaves were removed  10 d after 
sowing. Figure 3 shows the changes in leaf Pi content  
in the period f rom 15 to 27 d after sowing. The average 
Pi concent ra t ion  in the leaves decreased f rom 12 to 
4 m m o l . 1 - 1  under  P~ deficiency, remained at a cons tant  
level o f  20 mmol .  1-1 in control  plants and reached con-  
centrat ions as high as 90 mmol .1 -1  in plants g rown in A) 
excess Pi. Interestingly, photosynthesis  was remarkably  
little affected by phospha te  deficiency or  excess phos-  
phate  (Fig. 3 b). The highest rates o f  COE fixation were 
observed in leaves o f  plants  grown in excess Pi, but  P~ 
deficiency did not  decrease photosynthesis  by more  than 
15% compared  with plants  grown in the presence o f  
1.5 m m o l - 1 - a  phosphate ,  even when the leaf P~ concen-  
t rat ion d ropped  in the deficient plants to levels as low 
as 4 mmol -1 -1  (also compare  Schrrppel -Meier  and  
Kaiser 1988 b). 

We isolated protoplas ts  and vacuoles to investigate 
the dependence o f  intracellular compar tmen ta t i on  o f  Pi 
on  the g rowth  condit ions.  Table 2 shows that  the main  
por t ion  o f  the cellular Pi was vacuolar  Pi when the plants  
received sufficient Pi for  normal  growth.  With  1.5 mmol .  
1-1 Pi in the nutr ient  medium,  the vacuoles conta ined 0 1.5 
87% o f  the total Pi o f  mesophyll  protoplasts ,  and with 40 
40 mmol .  1- x p~ available in the medium,  this figure in- 
creased to 94%. Under  condi t ion  o f  P~ starvat ion,  how- 
ever, the vacuolar  Pi was only 45% o f  the total  Pi, al- 
though  the vacuolar  volume exceeded the cytoplasmic 
volume by a factor  o f  about  4. 

Table 2. Dependence of the intracellular distribution of Pi in proto- 
plasts on growth conditions. Barley was grown with and without 
Pi in the nutrient medium. Protoplasts and vacuoles were isolated 
from secondary leaves 21-23 d after sowing and Pi was measured. 
To calculate Pi contents (A), ct-mannosidase activity was deter- 
mined in the preparations of protoplasts and vacuoles and chloro- 
phyll was measured in the protoplasts. The ratio of ~-mannosidase 
activity to the chlorophyll content of the protoplasts was used 
to relate vacuolar Pi contents to the chlorophyll content of the 
protoplasts. The difference between vacuolar and protoplast P• was 
attributed to the cytoplasm of the protoplasts. In different proto- 
plast preparations, cytoplasmic Pi contents varied between 0.5 and 
1.6 lamol.mg chlorophyll -1 in control plants, between 0.5 and 
1.5 pmol.mg chlorophyll- 1 in plants grown in 1.5 mmol-1-1 Pi, 
and between 0.7 and 2.0 Bmol-mg chlorophyll-1 in plants grown 
in 40 mmol. 1-1 pi. Calculations of Pi concentrations (B) were 
based on a protoplast volume of 200 ~tl per mg chlorophyll, a 
vacuolar volume of 160 p,1 per mg chlorophyll and a cytoplasmic 
volume of 40 ~tl per mg chlorophyll. Mean values • SE were calcu- 
lated from measurements of three to six different experiments 

Pi content Pi content 
of nutrient (~tmol Pi" mg chlorophyll- 1) 
solution 
(mmol. 1-1 P0 Protoplasts Vacuoles Cytoplasm 

0 1.9• 0.8• 1.0+0.2 
1.5 7.5• 6.5+0.3 1.0+0.3 

40 24.6• 23.2• 1.8 1.4• 

B) 

Pi  c o n t e n t  Pi concentration 
of nutrient (mmol. 1- i) 
solution 
(mmol. 1-1 Pi) Protoplasts Vacuoles Cytoplasm 

9.4• 5.2• 26.0• 
37.4• 40.5• 24.8• 

122.8• 1~.7• 35.1• 

Phosphate uptake by isolated protoplasts. Mesophyll  pro-  
toplasts were isolated f rom leaves o f  plants which were 
either Pi-deficient or  g rown with 1.5 m m o l . 1 - 1  Pi in the 
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nutrient medium. They were then incubated with various 
Pi concentrations. Figure 4 shows uptake rates as a func- 
tion of  the concentration of  external Pi. Uptake is bi- 
phasic, with a saturable component  at low Pi concentra- 
tions and a non-saturable component  at high P~ concen- 
trations. A double-reciprocal plot of  the uptake data 
revealed an apparent  affinity (Kin) of  the plasmalemma 
Pi transporter close to 100-150 Ixmol- 1- ~ P~. 

Table 3 shows uptake of  Pi by mesophyll protoplasts 
in the presence of  1 mmol . l -1  p~. This concentration 
is close to the concentration measured in the apoplast 
in vivo. When the plants used for protoplast  isolation 
had been grow"a in the presence of  excess P~, uptake 
was less than half  the uptake of  protoplasts from plants 
grown in adequate P~. Very similar observations were 
made in experiments with intact leaves. In infiltrated 
leaves from PFdeficient plants, Pi was taken up at rates 
higher by a factor of  1.5-3 than in leaves from control 
plants (results not  shown). However there was one im- 
portant  difference between experiments with leaves 
(Fig. 1) and isolated mesophyll protoplasts (Fig. 4): Pt 
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Fig. 4. Uptake of 32p i by isolated barley mesophyll protoplasts 
which were either isolated from Pi-fertilized (e-e) control plants 
or from Prstarved plants (o-o). The data show the concentration 
dependence of P~ uptake. In the insert, the data are given as Line- 
weaver-Burk plot. The data are means + SE of two to five experi- 
ments, l07 protoplasts of secondary leaves correspond to a volume 
of 35 ~tl. Multiplication of the given rates by a factor of 6 will 
approximate the rates per g fresh weight 

Table 3. Uptake of Pi by protoplasts isolated from barley plants 
which were either Pi-deficient or grown with 1.5 or 40 mmol.1-1 
Pi in the nutrient medium. Protoplasts were isolated from second- 
ary leaves which were harvested 25 d after sowing and incubated 
with 1 mmol.l- 1 KH232po4, pH 7.8. 107 protoplasts isolated from 
secondary leaves contain 220 ~tg chlorophyll 

Pi in the nutrient-medium Rate of Pi uptake 
(mmol-1-1) (nmol- (I 07 protoplasts)- t. h - 1) 

0 79 _+ 9 (n = 3) 
1.5 63 _ 11 (n = 5) 

40 315:5 (n=4) 

uptake by the protoplasts was much lower than uptake 
obtained with leaves. 

Transport of Pi into the mesophyll vacuole. To determine 
how fast Pi is distributed between the cytoplasm and 
the vacuole once it has entered the mesophyll, proto- 
plasts were incubated with 10 mmol.1 - t  32pi. Vacuoles 
were rapidly isolated (Kaiser et al. 1982) and analyzed 
for 3ap i imported into vacuoles (Fig. 5). Inorganic phos- 
phate appeared only slowly in the vacuole when proto- 
plasts of  control plants were incubated; the rate of  im- 
port  was much faster in protoplasts from Pi-deficient 
plants. This was only in part  due to faster Pi uptake 
by Pi-deficient protoplasts. One can estimate the rates 
of  Pi uptake from the cytoplasm into the vacuoles o f  
isolated protoplasts using the data of  Pi uptake by iso- 
lated protoplasts (Fig. 4), the specific activity of  the in- 
cubation medium and the cytoplasmic Pi concentrations 
of  the protoplasts (Table 2). Based on the radioactivity 
detected in the vacuoles after 90min,  uptake was 
130 nmol.  (10- 7 vacuoles)- 1. h -  1 in protoplasts from 
control plants and 240 nmol- (10- 7 vacuoles)- 1 h -  1 in 
protoplasts from Pi-deficient plants. In mesophyll cells 
which were grown in adequate or excess Pt, the Pi con- 
centration was higher in the vacuole than in the cyto- 
plasm (Table 2). Apparently, in this situation, Pi uptake 
into the vacuole is slow. In Pi-deficient cells, on the other 
hand, the vacuolar P, concentration was much lower 
than the cytoplasmic concentration (Table 2). This turns 
vacuoles into efficient sinks for Pi, dependent on the 
electrochemical gradient (Kaiser et al. 1988). 

Figure 6 shows uptake o f  P~ by isolated vacuoles in 
the absence (A) and in the presence of  ATP (B). Without  
added ATP, rates of  Pi uptake with vacuoles from con- 
trol and from deficient plants were similar. ATP stimu- 
lated uptake particularly by vacuoles from Pi-starved 
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Fig. 5. Transport of Pi into the vacuoles of isolated barley meso- 
phyll protoplasts. Protoplasts were incubated with 10 mmol'l - t  
Pi which was labelled with 3zp. Vacuoles were isolated by a fast 
method and analyzed for radioactivity, o-o, control plants; o--o 
plants grown in Pi-deficient medium. The points represent means _ 
SD of three to six measurements 
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Fig. 6a, b. Time course of ATP 
dependence of Pi uptake by vacuoles 
isolated from control (o- I )  or Pi- 
starved plants (o-o). The Pi 
concentration was 10 mmol.l-1 (3. 
105 Bq per sample of 100 Ixl). a No ATP 
was added; b 1 mmol.l-1 ATP was 
included in the uptake solution. The 
data are means + SE of three 
experiments with two to three replicates 
each. Multiplication by a factor of 6 
makes the data comparable to the leaf 
data per g fresh weight 
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Fig. 7. Concentration dependence of uptake of Pi by isolated va- 
cuoles. In contrast to the experiments shown in Figs. 5 and 6, 
the vacuoles were prepared from protoplasts isolated from primary 
leaves of barley plants grown under standard conditions. ATP was 
added to a final concentration of 10 mmol-1 1 The size of vacuoles 
from primary leaves is larger than that of vacuoles from secondary 
leaves. A larger surface area of the tonoplasts explains the higher 
rates of uptake�9 The data may be directly compared with the leaf 
data per g fresh weight. Values are means _+ SD (n = 3 ; each experi- 
ment representing a kinetic analysis with six time points) 

plants, much less so by vacuoles which contained a high 
level of  Pi (see Table 2). 

Figure 7 shows the concentration dependence of  P~ 
uptake by isolated vacuoles f rom normal  plants. Satura- 
tion of  uptake was not observed within the concentra- 
tion range investigated. As uptake of  Pi by vacuoles 
which were isolated f rom control plants was not  much 
stimulated by ATP (Fig. 6), t ransport  may be mediated 
by a facilitated diffusion mechanism along the electro- 
chemical gradient. 

Discussion 

Photosynthesis is not much affected by Pi nutrition. Chlo- 
rophyll-related photosynthesis did no change much 
when the P~ content of  the leaves was varied by a factor 
of  20. The relative insensitivity of  photosynthesis to Pi 
deprivation during growth contrasts to results where a 
rapid inhibition of  photosynthesis was seen after feeding 
mannose to intact leaves (Walker and Robinson 1978; 
Harris et al. 1983). Mannose is phosphorylated in the 
cytoplasm thereby effectively decreasing cytoplasmic Pi 
concentrations. The contrasting observations can be re- 
conciled if it is assumed that P~ starvation primarily af- 
fects vacuolar  Pi whereas mannose  feeding causes se- 
questration of  cytoplasmic P~ (Lee and Ratcliffe 1983; 
Rebeille et al. 1983). Obviously, the vacuoles stored Pi 
when it was available and released it on demand. The 
variability of  vacuolar  Pi levels is in remarkable contrast  
to the relative constancy of cytoplasmic P~ concentra- 
tions. The results bear witness to the role of  the vacuole 
in maintaining cytoplasmic Pi homeostasis in mesophyll  
cells (see also: Foyer and Spencer 1986; Schr6ppel-Meier 
and Kaiser 1988b). 

The relationship between the Pi and organic-phosphate 
pools. It should be noted that Pi homeostasis includes 
also phosphate  esters. For chloroplasts, it is known that 
the total pool of  Pi and organic phosphate  esters is con- 
stant (for a review, see Heber and Heldt 1981). When 
organic phosphate esters accumulate in the chloroplasts 
during photosynthesis, Pi decreases. Similar relations 
hold also for the cytosol. In the present investigation, 
Pi was measured under conditions, where phosphate-  
ester accumulation did not significantly decrease cyto- 
plasmic Pi levels. Phosphate is not only a key substrate 
in energy metabolism. It also plays a role in regulating 
enzymes. It is required for activation of  ribulose-l,5- 
bisphosphate carboxylase (Heldt et al. 1978) and it in- 
hibits ADP-glucose pyrophosphorylase  (Preiss etal .  
1967). At low chloroplast P~ levels, photosynthetic starch 
synthesis is activated (Heldt et al. 1977), and is sup- 
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pressed in relation to sucrose synthesis when P~ levels 
are adequate. To make such regulation independent of 
external factors, Pi fluxes across limiting membranes 
must be under control. Apparently, homeostasis is an 
expression of such control which is exerted at several 
levels. One of them is the restriction of Pi entry into 
the root system which prevents Pi flooding of the plant 
when this nutrient is abundantly available. 

The role of  the vacuole in regulating cytosolic P~ levels. 
When the root barrier is circumvented by feeding Pi 
to detached leaves via the transpiration stream, stomata 
close, thus restricting transpiration. This decreases Pi 
transport to the mesophyll (Harris et al. 1983; Dietz and 
Foyer 1986). The epidermis and the apoplast appear to 
be of little importance for the leaf Pi homeostasis. Excess 
P~ is transferred across the cytoplasm of the mesophyll 
cells into the vacuoles which accumulate Pi (Table 2). 
Accumulation is facilitated by an electrical potential ac- 
ross the tonoplast which favours anion uptake. It is all 
the more interesting that cytoplasmic P~ homeostasis can 
be maintained under Pi starvation also by export of Pi 
from the vacuole into the cytoplasm. Table 2 shows that 
such export is directed against a concentration gradient 
and, presumably, also against an electrical potential. The 
high cytosolic concentration of proteins which carry a 
net negative charge produces a diffusion potential across 
the tonoplast even if there is no active electrogenic trans- 
port of positively charged ions into the vacuole. As a 
matter of fact, an H § ATPase and a pyro- 
phosphatase are known to pump protons into the va- 
cuole, generating not only a proton gradient but also 
an electrical potential across the tonoplast (for a review, 
see Sze 1985). 

Plants depleted of Pi such as spinach (Dietz 1989) 
and barley (data not shown) rapidly accumulate Pi in 
the leaves once Pi is added to the nutrient solution. Con- 
centrations of Pi in the leaves may be as high as 120 
mmol.l-1 within 3 d after transfer from Pi deficient 

medium to a nutrient solution containing only 
1.5 mmol.1-1 P~. Obviously a transport system with 
large capacity for P~ uptake was induced in the root 
system when the plants were deprived of Pi and catalyzed 
a rapid accumulation of Pi in the leaves once the Pi 
availability was improved. The increase in the Pi concen- 
tration of the leaves had remarkably little effect on pho- 
tosynthesis. Together with the result of Fig. 5, these ob- 
servations show that the tonoplast has a large capacity 
for Pi transport. This capacity can also be demonstrated 
with isolated vacuoles. There was a large difference in 
ATP-driven Pi uptake between vacuoles isolated from 
control and from Pi-deficient leaves. The reason for this 
difference is not known. 

Recently, two types of ion channel have been charac- 
terized in the tonoplast of storage tissue of beet roots 
(Hedrich and Neher 1987) and in tonoplast membranes 
of cells of other tissues (Hedrich et al. 1988). These chan- 
nels mediate anion and cation fluxes and may also trans- 
port P~ in a manner dependent on the electrochemical 
potential gradient. However, there was a large difference 

in ATP stimulation when Pi uptake was studied in va- 
cuoles isolated from Pi-deficient or from control leaves. 
This could indicate the involvement of a secondary acti- 
vated-transport system. 

Phosphate homeostasis in the cytoplasm requires ex- 
port of P~ from the vacuole when the cytoplasmic P~ 
concentration decreases. Efflux of Pc was low both in 
the presence and in the absence of ATP in the medium 
(result not shown). The regulation of efflux as part of 
the mechanism to maintain the cytoplasmic Pi homeosta- 
sis is not yet understood. 

Transport of  Pc across the plasmalemma. Interestingly, 
the rates of Pi uptake by protoplasts isolated from Pi- 
deficient leaves were higher than rates of uptake by pro- 
toplasts from control plants (Fig. 4). An increased rate 
of Pi uptake has also been observed under Pc deficiency 
in roots, algae or higher plants (Humphries 1951; 
Falkner et al. 1980; Drew et al. 1984; Ullrich-Eberius 
et al. 1984). It should be mentioned that cytoplasmic 
Pi concentrations were similar in Pi-starved leaves and 
in leaves of plants which were fertilized with Pi. They 
were higher than external concentrations (Table 2). 
Moreover, the membrane potential of the plasmalemma 
is positive outside so that Pi must be transported not 
only against a concentration gradient, but also against 
a membrane potential. Ullrich-Eberius et al. (1984) and 
Goldstein and Hunziker (1985) have suggested that up- 
take of inorganic Pi is facilitated by the proton motive 
force generated by the H § of the plasmalemma. 

A significant difference in transport rate was ob- 
served between intact leaves and isolated mesophyll pro- 
toplasts. Two explanations are possible: (i) the Pi trans- 
porter system of protoplasts is damaged during proto- 
plast isolation by the action of hydrolytic enzymes; (ii) 
specialized cells bordering the vascular bundles are 
equipped with transporters, and the isolation procedure 
used for obtaining mesophyll protoplasts discriminates 
against these cells. Inorganic phosphate could be distrib- 
uted from the specialized cells into the mesophyll by 
symplastic connections. 

In this context, it is of interest that pyranine, a large 
trivalent anion, has been observed microsopically to be 
readily taken up from the transpiration stream into cells 
closely connected to the xylem, when it is fed to leaves 
through the petiole. After prolonged periods of feeding, 
mesophyll protoplasts contained pyranine which could 
easily be detected by its fluorescence. Isolated mesophyll 
protoplasts, on the other hand, proved to be unable to 
take up pyranine from the surrounding solution (data 
not shown). 

This investigation was part of the research efforts of the Sonder- 
forschungsbereich 176 of the Bayerische Julius-Maximilians-Uni- 
versit~t Wfirzburg. We are grateful to Dr. Olaf Wolf for introducing 
us to the method for preparation of xylem sap of barley plants 
and to Mr. Yin Zuhua for fluorimetric experiments with the dye 
pyranine. T. Mimura is indebted to the Alexander-von-Humboldt- 
Stiftung for a postdoctoral research fellowship. 
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